The Drosophila homeotic gene proboscipedia (pb: HoxA2/B2 homolog) is required for adult mouthparts development. Ectopic PB protein expression from a transgenic Hsp70-pb minigene (HSPB) results in transformation of adult antennae to maxillary palps. In contrast, most tissues appear refractory to PB-induced effects. To study the basis of homeotic tissue specificity we are isolating and studying mutations that modify dominant HSPB-induced phenotypes. One HSPB point mutation (Arg5 of the homeodomain to His) removes homeotic activity in the mouthparts and antennae, but provokes a dose-sensitive eye loss. We show that eye loss can be induced by PB proteins that no longer effectively bind to DNA. The dose-sensitive eye loss thus appears to be mediated by specific, context-dependent protein-protein interactions.
Introduction
The homeotic genes of the fruit fly confer developmental identity to compartments established in early embryogenesis, directing the differentiation of segment-specific structures specialized for feeding, locomotion and sensory functions. These homeotic genes (hereafter referred to collectively as HOM genes) and their products are strongly conserved in a wide variety of metazoans including the flour beetle Tribolium castaneum, the nematode C. elegans, mice and humans. In each case these HOM homeogenes are clustered in gene complexes as in Drosophila (Beeman, 1987; Acampora et al., 1989; Beeman et al., 1989; Duboule and Dolle, 1989; Graham et al., 1989; Kenyon, 1994) . HOM gene order within the clusters and relative expression along the anterior-posterior axis show a remarkable evolutionary conservation (Duboule and Dolle, 1989; Graham et al., 1989) , indicating that correct spatial regulation of homeotic gene transcription is a key functional element. Further, ubiquitous expression of homeotic selector proteins, normally expressed in restricted domains, induces only localized effects. Some cells are transformed and many are refractory. This observation clearly indicates a central role for the cellular context, acting in addition to the spatial restriction of gene expression. It highlights the role of transcriptional cofactors that act in combination with HOM proteins to heighten this same specificity. The extradenticle (exd) gene and its highly conserved mammalian homolog pbx code for such a cofactor, the EXD protein (Peifer and Wieschaus, 1990; Rauskolb et al., 1993) . The combination of EXD with the homeotic Ultrabithorax protein (UBX) augments both the specificity and the affinity of DNA binding compared to either protein taken alone (Chan et al., 1994; Manak et al., 1994; Rauskolb and Wieschaus, 1994; van Dijk and Murre, 1994) . This mutual enhancement involves specific protein-protein interactions (Johnson et al., 1995) .
The homeotic genes encode nuclear proteins possessing a homeodomain, a highly conserved DNA-binding motif (for reviews see Gehring et al., 1990; Hayashi and Scott, 1990; Gehring, 1994; ) and modulate the transcription of target 'realisator' genes (Garcia-Bellido, 1977; Gould et al., 1990; McGinnis and Krumlauf, 1992 ). Yet diverse homeodomain proteins that bind in vitro to the same DNA sequences with very similar affinities have very different effects in vivo. By comparing the action of ectopically expressed chimeric homeoproteins, important elements of functional specificity have been localized to the flexible hinge region at the homeodomain N terminus (Lin and McGinnis, 1992; Zeng et al., 1993) . Important unresolved questions concern the extent to which this protein region contributes to functional specificity via interactions with target DNA sequences and/or by interaction with protein co-factors.
Our model for studying homeotic function is the Drosophila proboscipedia (pb) gene. The PB homeodomain protein is normally expressed in a spatially restricted domain, including the labial and maxillary segments of embryos and the larval labial imaginal discs (Pultz et al., 1988; Randazzo et al., 1991; Cribbs et al., 1992) . Consistent with its expression pb + function is required for the correct development of the adult mouthparts, comprising the labial and maxillary palps. In the absence of pb function, prothoracic legs replace the adult labial palps (Bridges and Dobzhanshy, 1933; Kaufman, 1978; Pultz et al., 1988) , while the maxillary palps appear transformed toward antennal identity (Kaufman, 1978) . Normal pb function is dose-sensitive, and partial loss-of-function leads to a distinct transformation of the labial palps to antennal aristae. Finally, ectopic expression of PB from an Hsp70-pb (HSPB) transgene confirmed a dose-dependent selector function that directs the transformation of the antennae to maxillary palps. The detectable effects of ectopic PB expression are spatially limited, touching the distal antennal appendage and a small number of cells elsewhere (Cribbs et al., 1995) , a situation similar to that reported for other homeotic genes. What are the respective contributions of DNA binding and of context-specific interactions to homeotic selector specificity? To identify PB structural elements important for in vivo function, we isolated mutations of HSPB abolishing the dominant homeotic antennal transformation (Benassayag et al., 1997) . Two such mutations change the same residue, Arginine-5 (Arg5) in the N terminal hinge region of the homeodomain, to either a cysteine or a histidine. The latter mutation removes detectable homeotic activity but retains a dose-sensitive activity common to wild type and mutant proteins, that is, to perturb adult eye development. This activity in the eyes is likewise separable from detectable DNA-binding capacity in vitro. Contextspecific protein interactions involving PB thus appear to be centrally implicated in the eye loss.
Results

Eye formation is perturbed by ectopic expression of wild type PB protein
We previously reported that uninduced HSPB expression directs a reliable dominant transformation of the antennae to maxillary palps (Ant → Mx; Cribbs et al., 1995) . Although most other tissues are unaffected, subtle dose-sensitive defects are observed in the eyes, posterior head, prothoracic legs and wings. Tissues that are altered but not overtly transformed by ectopic PB expression offer a potential sensitized background to examine functional specificity of the homeodomain protein in vivo. One such tissue is the adult eye, which is reduced by ectopic PB expression in a dose sensitive fashion. Transgenic flies carrying one copy of the X chromosomal insertion HSPB:2-5 have normal eyes (Fig.  1A) . In contrast, females with two copies of this insertion show three sorts of eye defects: (a) a reduction or loss of the ventral aspect of the adult eye (Fig. 1B,C) ; (b) a frequent change in ommatidial geometry, from hexagonal to tetragonal, in remaining ommatidia (Fig. 1D) ; and (c) duplication of some interommatidial bristles (visible in Fig. 1C ). These defects can be attributed to PB + protein function, and not to interruption (by the HSPB element insertion) of a gene involved in eye development, for three reasons. (a) Hemizygous HSPB:2-5 males nevertheless have normal eyes (Fig. 1A) . (b) A point mutation in the HSPB:2-5 coding sequence, HSPB Rev14 , eliminates both PB homeotic function and eye phenotypes (Cribbs et al., 1995; Fig. 1E,F) . (c) Transgenic lines carrying an Hsp70-cDNA construct in place of the Hsp70-minigene (HSPB) show marked eye reduction after heat induction of PB protein expression Fig. 1 . Wild type and mutant pb proteins affect eye development. (A,B) HSPB:2-5 in one copy (a hemizygous male) and two copies (a homozygous female), respectively. The arrow in (A) indicates an antennae partially transformed proximally toward maxillary palps but with the residual distal antennal arista (Mx/ ar). The female in (B) shows a nearly complete transformation of the antennae to maxillary palps, including aristae (normal and ectopic maxillary palps are indicated by arrows, Mx). The closed arrowhead on the left indicates an eye partially reduced from ventral toward dorsal. (C,D) The eye of a homozygous HSPB:2-5 female with a ventral reduction (closed arrowhead), similar to that in (B). Shown in (D) is a detail from the eye in (C), with a change from wild type, hexagonal ommatidial geometry to square as indicated by the hashed figure. Also visible in (C) are duplicated bristles between the ommatidia, similar to those seen in Fig. 4A ,B,D,E,H. (E,F) A complete eye for a homozygous HSPB Rev14 female derived by a single point mutation from HSPB:2-5 and a detail of that eye, respectively. As seen in (F), the homeodomain point mutation of HSPB Rev14 leads to the re-establishment of normal hexagonal ommatidial form. ( Fig. 4A) . Taken together, these data indicate that PB + is able to provoke eye reduction, as well as a homeotic transformation of the antennae to mouthparts.
Homeotic transformation and eye loss are separable PB functions
To examine PB protein structural elements required for dominant homeotic transformation and for tissue specificity, we screened for phenotypic revertants removing the dominant effects of the HSPB:2-5 using EMS as mutagen (Lewis and Bacher, 1968; Benassayag et al., 1997) . One allele (HSPB sans yeux , or HSPB sy ) was isolated as a loss-offunction revertant, but overexpression revealed novel dominant effects. This mutation was therefore examined in detail.
Sufficient wild type activity is provided by 1 × HSPB + to completely rescue the hypomorphic pb 4 allele, and to partially rescue the null allele pb 5 (Cribbs et al., 1995) . In contrast, no rescue was detected with one or with two HSPB sy copies, for either pb allele (not shown). HSPB (Fig. 1B) . The aristae of 2 × HSPB sy flies are roughly normal, but show a subtle modification of antennal segment 3 to a more rectangular form carrying a single fine bristle ( Fig. 1H) .
At the same time, HSPB sy provokes a dose sensitive eye loss resembling that of wild type protein. Indeed, we occasionally detected eye reduction and square ommatidia in homozygous females (2 × HSPB sy)
. These effects were aggravated by heat induction of HSPB sy in larvae such that many of the resulting adults had strongly reduced or missing eyes (hence the name 'sans yeux'). The dosage sensitivity of eye loss was therefore examined by varying the copy number of HSPB sy from one to six (see Section 4). Adults carrying one copy (1 × HSPB sy ) appear normal ( Fig.  1G ). In contrast, flies harboring 4 × HSPB sy lacked all eye tissue ( Fig. 1J) , whereas two or three copies led to intermediate phenotypes (Fig. 1H,I ). The presence of six mutant copies in homozygous females was lethal. Since hemizygous 3 × HSPB sy males which carry the same insertions were viable and fertile, the lethality in females is attributable to overexpression of the mutant PB protein and not to gene disruption at the insertion sites. The complete absence of the adult eye is not in itself lethal, as numerous other known viable mutations also delete this structure. The lethality observed with six copies of HSPB sy is likely due to detrimental dose-sensitive effects of PB sy in other tissues of the developing fly, whereas the eyes are a particularly sensitive target. This specific mutation thus behaves like a lossof-function allele in the mouthparts and the aristae, but continues to act as a gain-of-function mutation in the proximal antennae and especially the eyes.
HSPB sans yeux carries a homeodomain point mutation
Sequencing of the HSPB sy mini-gene (see Section 4) identified a single point mutation (CGC to CAC) predicted to change Arg5 at the N terminus of the homeodomain to His (see Fig. 2 ). A second independent revertant recovered in our screens (HSPB Rev17 ) also carries a single point change in the Arg5 codon, this time to Cys (CGC → TGC). The latter line shows a nearly complete loss of PB functions but heat induction led to a slight eye reduction resembling that of HSPB sy . Thus two independent revertants in our collection change the same amino acid, though with differing consequences. Arg5 is located within the flexible N terminal hinge region (Qian et al., 1989) of the homeodomain implicated in functional specificity (Lin and McGinnis, 1992; Zeng et al., 1993) . This highly conserved Arg residue, present in about 98% of characterized homeodomains , makes sequence specific hydrogen bond Fig. 2 . Homeodomain structure and the HSPB sy mutation. The Antennapedia (Antp) and proboscipedia (pb) homeodomain sequences are shown, with helices enclosed in boxes. Invariant and three highly conserved positions (≥95%, based on more than 300 sequences compiled in Kappen et al. (1993) and Gehring et al. (1994) ) are indicated by solid ovals. Arg5 (R5) is found in approximately 98% of known homeodomains from multicellular animals, while His5 (H5) has not been found. The remaining 2% comprises Gln, Ser, Gly, Ala and Leu (Q, S, G, A and L respectively). The point mutations in HSPB sy and HSPB Rev17 are indicated below Arg5, as is the mutation of Arg53 to His found in HSPB Rev14 . contacts in the DNA minor groove to the TAAT core of the homeodomain binding site (Kissinger et al., 1990) . The very strong evolutionary conservation of Arg5 in diverse homeodomains supports an important role in homeotic protein function.
Homeodomain binding to DNA is reduced by the HSPB sans yeux mutation
To better understand how replacing Arg5 by His alters PB function in vivo, we compared the in vitro DNA binding properties of mutated PB sy (R5H) homeodomain with wild type PB. In parallel we also examined the binding properties of a homeodomain that carries a point mutation in the invariant position Arg53 of homeodomain helix 3, altering it to His (Arg53His). This HSPB Rev14 acts in vivo as a complete loss-of-function mutation, and was therefore employed as a negative control in the in vitro experiments. Fusion proteins were generated that contain glutathione thio-transferase (GST) coupled to a 180 a.a. portion of the PB protein (126-305) including the homeodomain (198-257; Cribbs et al., 1992; Seroude and Cribbs, 1994) , that were either wild type or modified by site directed mutagenesis (see Section 4). DNA binding to the consensus NP oligonucleotide sequence, measured by gel shift experiments (EMSA; see Section 4), indicated about 3-fold reduced binding of PB sy to NP, compared to wild type (Fig. 3) . The PB Rev14 mutation had a stronger effect, reducing DNA binding to this target by 20-fold (Fig. 3 ). PB and PB sy homeodomains were also tested for binding to a more complex set of target sequences, namely the Sau3AI restriction fragments of bacteriophage lambda. Wild type and PB sy fusion proteins bound the same subset of fragments, but PB sy showed consistently reduced binding (not shown). PB sy thus binds to DNA with apparently unaltered sequence specificity but with reduced affinity.
We then examined the in vivo function of PB proteins carrying the same mutations. A full-length pb cDNA was subjected to site-directed mutagenesis to introduce the PB sy and PB Rev14 mutations employed for the in vitro experiments above. Transgenic flies carrying Hsp70 promoter-pb cDNA fusion genes with PB + , PB sy and PB Rev14 were examined after applying multiple heat shocks during larval development. Whereas Hsp70-PB Rev14 had no effect, Fig. 3 . In vitro analysis of homeodomain binding by electrophoretic mobility shift assay employed a double-stranded oligonucleotide containing a consensus DNA target sequence (NP, in bold script (5′-GGAGTCTAGAATTTAATTGAGGATCCACTGGCCGTCGTTTTAC-3′). GST fusions to wild type (isoform m-4a), PB sy , PB Rev14 and PB sy;Rev14 homeodomain proteins were employed, and the mobility shift assays were carried out by standard methods. The first lane is without protein, but GST protein alone gives the same result (not shown). For the GST-PB fusion proteins, the groups of seven lanes contain 0.1, 0.2, 0.4, 0.6, 0.8, 1.2 and 1.6 mg of each GST-pb fusion as indicated. The binding curves beneath summarize the quantitations obtained after exposure of the dried gel on a Phosphorimager detection unit.
Hsp70-PB
+ and Hsp70-PB sy cDNA lines induced marked eye defects (compare Fig. 4C,G with A,E and B,F (Cribbs et al., 1995) . Secondly, structural studies of homeodomain binding to DNA indicate that the evolutionarily invariant Arg53 establishes hydrogen bonds with negatively charged phosphates in the DNA backbone (Kissinger et al., 1990; Wolberger et al., 1991) . Therefore, the effects of this mutation should be largely or entirely sequence non-specific. The GST-PB sy;Rev14 homeodomain protein no longer detectably bound NP oligonucleotide DNA in vitro (see Fig. 3 ). The PB sy;Rev14 homeodomain is thus strongly impaired or incompetent for DNA binding. This double mutant protein was then tested for its capacity to perturb eye development in vivo. Overexpression of Hsp70-PB sy;Rev14 interferes with normal eye development (Fig. 4D,H) , changing ommatidial geometry as seen for PB + and PB sy proteins. These data indicate that PB + , PB sy and PB sy;Rev14 proteins induce eye defects via a common mechanism. We thus conclude that the molecular interactions causing a dose-sensitive eye loss can occur in vivo without effective DNA binding. Hence, the eye defects induced by PB likely originate from specific interactions with a protein(s) involved in normal eye development.
Discussion
A homeodomain point mutation separates homeotic functions from eye loss
Ectopic expression of the Proboscipedia protein provokes several dominant tissue-specific, dose-sensitive defects. These include the previously described Antenna → Maxillary homeotic transformation. To examine the structural requirements for PB function in vivo, we isolated mutations of an HSPB transgene by selecting revertants of its dominant homeotic phenotype. Most eliminate all detectable dominant effects of PB expression. Apart from the antennal transformation, an additional phenotypic effect induced by HSPB + was the partial eye loss. Strikingly, one revertant protein (PB sy ) leads to the pronounced reduction or abolition of the adult eye. This mutation thus appears to separate the homeotic function of PB from its capacity to induce eye loss. The molecular lesion of HSPB sy is a point mutation at the N terminus of the homeodomain, changing the highly conserved Arginine-5 to Histidine. Furthermore, another independent allele affects this same position and likewise led to adult eye reduction, albeit less strong. It appears that Arg-5 may play some crucial and previously unmentioned role in homeotic protein function.
Homeodomain structure/function
The PB sy mutation reduces the affinity of in vitro DNA binding to a consensus target sequence, consistent with its in vivo loss of function. Crystallographic data for homeodomain-DNA co-crystals indicate that Arg5 makes sequence specific contacts to DNA, via a hydrogen bond to the core homeodomain recognition sequence TAAT (Kissinger et al., 1990; Wolberger et al., 1991) . Arg5 is strongly conserved throughout evolution, to the extent that in a collection of 369 metazoan homeodomain sequences (Gehring et al., 1994) , only seven homeodomains lack Arg at position 5. Interestingly, His is not among the five amino acids replacing Arg5 despite the fact that a simple transition mutation suffices to change Arg5 to His. The nearly complete conservation of Arg5 suggests that this amino acid is best suited to normal homeodomain function. It has been proposed, based on a functional study of the yeast MATa homeodomain protein, that side chain flexibility may be important for the capacity of the homeodomain to recognize and interact with a variety of DNA targets (Smith and Johnson, 1994) . In this light, we note that the His imidazole ring is bulky and rigid relative to arginine. Molecular modeling data support the notion that histidine can form a hydrogen bond of similar length to the same nucleotide, but cannot be rotated without impinging on its neighbors (see Section 4). These properties specific to Histidine might limit its function, consistent with the reduced homeotic activity observed for PB sy .
The effects of PB sy may involve another aspect of homeoprotein function in vivo. Our data show that DNA binding is not required for the PB-induced eye defects. Apart from DNA binding, the N terminus of the homeodomain is crucial to functional specificity of homeotic action (Lin and McGinnis, 1992; Zeng et al., 1993) . This implies an involvement of those amino acid residues in the homeodomain N terminus in specific protein interactions, though this point has yet not been explicitly demonstrated. Only two potentially interacting proteins have been identified thus far. One biochemical interaction recently attributed to the homeodomain N terminal region is with the RNA polymerase IIassociated TATA binding protein (Zhang et al., 1996) . A second interaction, detected by both genetic and biochemical criteria, is with the homeotic co-factor Extradenticle (Peifer and Wieschaus, 1990; Johnson et al., 1995) .
Arg5, DNA binding and protein-protein interactions
What properties of the homeodomain R5H mutation could explain the novel dominant properties of PB sy ? A new DNA sequence binding specificity can probably be discounted since the same array of eye defects is induced both by PB + and by mutant PB sy and PB sy;Rev14 proteins. This result indicates that the biological effect results from properties independent from DNA binding capacity that are common to wild type and these mutant proteins.
We speculate that the mutant protein is constrained by the Arg5His mutation to a conformation(s) normally reserved for PB + molecules productively bound to DNA. The replacement of Arg5 by His might allow PB sy protein to maintain a conformation normally reserved for PB + -DNA couples, even without DNA binding. In this view, mutation of -induced eye defects. The PB protein, target DNA and a putative context-specific protein (CSP), are schematized. The amino acids present in positions 5 and 53 of the PB homeodomain are indicated for wild type and mutant PB proteins discussed in the text, while the central portion of the DNA binding helix 3 is shown as a cross-hatched oval, inserted in the major groove. Vertical bars between Arg5 (R5), His5 (H5) and Arg53 (R53) indicate binding contacts of these amino acids to target DNA. For Arg53, this binding is to phosphates in the DNA backbone, represented by ovals containing a 'P'. DNA binding properties of the PB homeodomains, and eye defects engendered in vivo by ectopic expression, are summarized on the right. The disparity between DNA binding properties and eye defects suggests two states for the homeodomain N terminus in the eye, i.e. a structured form that interacts with a putative eye specific protein required for proper development (CSP), and an unstructured form. The former, represented as a hook that makes specific PB homeodomain contacts with the unknown CSP (that for reasons of convenience is represented as a DNA binding protein) can be mediated either by R5, in the context of successful DNA binding (with R53), or by H5 independently of DNA binding as in PB sy;Rev14 .
helix 3 of PB Rev14 and the accompanying loss of DNA binding might eliminate N terminus contacts with target DNA, a prerequisite for protein conformations leading to homeotic function and to eye loss. If interaction with co-factors on the DNA surface is facilitated by DNA binding-dependent protein conformations, such PB − protein would be ineffectual.
In contrast, a conformation-fixed mutant might retain binding capacity to a subset of habitual protein partners even in the absence of productive DNA binding. This interpretation (summarized in Fig. 5 ) can help to explain how a mutation such as PB sy might impede some normal interactions, resulting in the observed loss-of-function, while simultaneously retaining a subset of dominant phenotypes reflecting capacities of PB + protein. Thus, we interpret this mutation as evidence that Arg5 acts simultaneously in DNA binding and protein-protein contacts, and that these two processes are functionally coordinated through this residue.
Potential uses of the dominant Arg5His mutation
Dominant eye loss may then reflect the titration of limiting protein factor(s) through specific interactions with HSPB sy , even without DNA binding. The dosage sensitivity of these effects suggests that they may reflect specific molecular interactions with PB + . Our working hypothesis is that such dose sensitive interactions in an ectopic situation are likely to reflect normal interactions in the mouthparts, with genes expressed in both tissues. For example, the homeotic co-factor encoded by the extradenticle (exd) gene is widely accumulated in the embryo (Flegel et al., 1993) and also the larval imaginal discs (Gonzalez-Crespo and Morata, 1995) . However, the diverse developmental functions of EXD + must in some fashion reflect local combinations of nuclear factors. This point may also hold for other as yet unidentified co-factors. If so, the natural advantages of the eye as a model tissue (as seen in the eye loss phenotype studied here) may facilitate the identification of genes involved in homeotic function in other tissues. The isolation of dominant Enhancer mutations, presently in progress, may thus provide a useful new avenue toward the identification of genes involved in pb + functions in the mouthparts, potentially including new protein co-factors. Novel genetic screens employing the eye as a model (but ectopic) tissue may help us to identify some such factors by recreating active factor combinations. Our genetic screen assessed altered effects of an ectopically expressed homeotic protein. We emphasize that the PB sy mutation would be interpreted as a simple loss-of-function mutation if assessed in the normal context of the mouthparts. Given the strong evolutionary conservation of Arg5, this interpretation would have been obvious but incorrect. Genetic strategies permitting the selection of altered dominant phenotypes of HD proteins in ectopic contexts may thus offer useful alternative approaches to the analysis of the origins of functional specificity.
Experimental procedures
Fly culture and phenotypic analysis
All stocks and crosses were maintained at 25°C on standard yeast-agar-cormeal molasses medium. Phenotypes were initially regarded under a stereomicroscope; detailed analyses were performed by light microscopy (Zeiss Axiophot) after mounting dissected samples in Hoyer's medium, or by scanning electron microscopy (SEM).
Scanning electron microscopy
For SEM, adult flies were stored in 95% ethanol until dissection in same. On removing the ethanol, the cuticle samples were immediately treated for 10 min with 1,1,1,3,3,3-Hexamethyldisilazan (Aldrich) in a hood, air-dried, and then mounted and gold-coated (~300Å thick).
Mutagenesis and reversion screens
All reversion screens employed the insertion line HSPB:2-5 carrying a transgene at 14A on the X chromosome (Cribbs et al., 1995) . This transgene carries the dominant visible mini-white + marker. Males carrying this element were treated with 25 mM ethylmethane sulfonate (EMS), an alkylating agent that provokes primarily point mutations (Lewis and Bacher, 1968) , and then crossed with w 1118 virgin females. F1 females harboring the HSPB transgene (orange-eyed) were examined for modification of the dominant antennae-to-maxillary palps transformation. Candidate females were crossed with w 1118 males, to ensure that the new mutations were retained in the germline. Due to multiple mutagenic events on the X chromosome of interest only female progeny were initially obtained in most cases. Once continued outcrosses yielded viable and fertile males (hence, X chromosomes lacking accessory lethal mutations), pure revertant lines were established. Among 50 000 F1 females examined, 21 true breeding mutations were isolated, including HSPB sans yeux , HSPB Rev14 and HSPB Rev17 (Benassayag et al., 1997) .
Localization of point mutations
Characterization of the lesions in HSPB-revertant lines Rev3 (sans yeux) and Rev17 was as follows. For HSPB sans yeux the mini-gene of the revertant line was cloned as a 14 kb SalI fragment in the bacteriophage lambda vector EMBL 3. For HSPB Rev17 , fragments generated by amplification with Taq polymerase were analyzed directly. The point mutations were detected by testing for hydroxylamine sensitivity as described by Montandon et al. (1989) . Five different 5′-[ 32 P] end-labeled probes were generated from the original HSPB plasmid by amplification with Taq polymerase, and equivalent amplification products from the mutant transgenic element (as described in Cribbs et al., 1995) .
Analysis of HSPB sy dosage effects
The HSPB Rev3(sy) element at 14A was mobilized by P transposase from the D2-3 element (Robertson et al., 1988) . A modifier X chromosome was recovered in an eyeless female, and then established in stock. This chromosome was found to carry three intact HSPB elements by genomic Southern blots. One of the three is apparently at the original insertion site; the two others reside nearby as determined by recombination frequency and in situ hybridization to polytene chromosomes.
Immunolocalizations
Antibodies and disc staining reactions were essentially as described (Pattatucci and Kaufman, 1991; Randazzo et al., 1991) .
Homeodomain/DNA binding analyses
A double-stranded probe containing the consensus NP homeodomain binding site was prepared as follows: the oligonucleotide LS42 (5′-GTAAAACGACGGCCAGTG-GAT-3′) was 5′ end-labeled using T4 polynucleotide kinase (New England Biolabs) and [g-32 P]ATP; 4.2 pmol of labeled oligonucleotide (3 × 10 8 cpm/mg) was annealed with 2 pmol LS43 (5′-GGAGTCTAGAATTTAATTGAG-GATCCAC TGGCCGTCGTTTTAC-3′; the NP consensus sequence is in bold script). Elongation was performed for 10 min at 15°C using T7 DNA polymerase (Pharmacia). Double-stranded, end-labeled LS43 was purified on a 10% polyacrylamide (19:1) gel. The final specific activity of the probe was about 2 × 10 7 cpm/mg. Gel mobility shift experiments were performed by incubating purified fusion proteins for 20 min at 4°C in 18 ml of binding buffer (25 mM Hepes (pH 8), 3 mM MgCl 2 , 1 mM DTT, 100 mM NaCl) containing 1000 Cerenkov cpm of labeled probe (50 pg double-stranded LS43), 100 ng of tRNA, 100 ng of polydI-dC and 100 ng of calf thymus DNA as indicated in the figure legends. After addition of 3 ml of loading buffer (50% (w/v) Ficoll, 0.02% bromophenol blue and 0.02% xylene cyanol in binding buffer), the complexes were analyzed by electrophoresis on a 6% polyacrylamide (19:1) gel in 1 × Tris-glycine buffer (25 mM Tris, 200 mM glycine). After migration (160 V for 3 h at 4°C), the gel was dried on Whatman DE81 paper, then exposed and quantified using a Bas1000 Fuji Bio Imaging Analyser.
Generation of GST-homeodomain fusions for in vitro protein production
This was carried out as previously described for GSTHDm4b (Seroude and Cribbs, 1994) . A cDNA BamHIXmaI restriction fragment containing 3′ E2-E3-E4b-E5-5′E6 (m4b) was cloned in M13mp10. This fragment encodes pb amino acids 126-306, less the 5 amino acid 4a element (Cribbs et al., 1992) . Site directed mutagenesis was performed (Kunkel et al., 1987) to introduce the missing 4a element of E4, yielding a partial cDNA corresponding to the predominant pb isoform m4a. Site-directed mutageneses were then performed to introduce the point mutations corresponding to HSPB sans yeux , HSPB Rev14 and the double mutant HSPB sans yeux;Rev14 . These fragments were then introduced into the pGEX-B expression vector (Valle et al., 1993) using the BamHI and XmaI restriction sites in E2 and E6. All relevant fragments were completely sequenced following mutagenesis to ensure the absence of spurious mutations.
Wild type and mutant Hsp70:pb cDNA plasmids
Directed mutageneses were performed to remove introns 1 and 8. Introduction of the cDNA 5a1 (exon4-8) plus the modified partial cDNA m4a described above (or its mutant forms PB sans yeux , PB Rev14 and PB sans yeux;Rev14 ) allowed the constitution of a complete cDNA.
Germline transformation
Standard methods were employed, and injections were performed without dechorionating the embryos (robertson et al., 1988) .
Molecular modeling of Engrailed homeodomain: DNA complexes
Computer modeling was performed on a Silicon Graphics Indigo workstation using Biopolymer a Homology within the Insight 2.30 program from Biosym Technologies. Arg5 in the X-ray structure ('1HDD'.PDB code) was replaced by His and the optimal rotamer conformation was determined in order to avoid steric clashes and minimize energy. The minor groove hydrogen bond contacts are estimated at 1.84 Å and 2.90 Å , respectively, suggesting a longer, weaker hydrogen bond with DNA in the latter case due to the shorter side chain of the His residue. The His imidazole ring is rigid compared to the flexible Arg side chain, and the value of 2.90 Å refers to a predicted stable conformation for Engrailed homeodomain that does not impinge on neighboring residues.
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